Antiaging therapies show promise in model organism research. Translation to humans is needed to address the challenges of an aging global population. Interventions to slow human aging will need to be applied to still-young individuals. However, most human aging research examines older adults, many with chronic disease. As a result, little is known about aging in young humans. We studied aging in 954 young humans, the Dunedin Study birth cohort, tracking multiple biomarkers across three time points spanning their third and fourth decades of life. We developed and validated two methods by which aging can be measured in young adults, one cross-sectional and one longitudinal. Our longitudinal measure allows quantification of the pace of coordinated physiological deterioration across multiple organ systems (e.g., pulmonary, periodontal, cardiovascular, renal, hepatic, and immune function). We applied these methods to assess biological aging in young humans who had not yet developed age-related diseases. Young individuals of the same chronological age varied in their "biological aging" (declining integrity of multiple organ systems). Already, before midlife, individuals who were aging more rapidly were less physically able, showed cognitive decline and brain aging, selfreported worse health, and looked older. Measured biological aging in young adults can be used to identify causes of aging and evaluate rejuvenation therapies.
Antiaging therapies show promise in model organism research. Translation to humans is needed to address the challenges of an aging global population. Interventions to slow human aging will need to be applied to still-young individuals. However, most human aging research examines older adults, many with chronic disease. As a result, little is known about aging in young humans. We studied aging in 954 young humans, the Dunedin Study birth cohort, tracking multiple biomarkers across three time points spanning their third and fourth decades of life. We developed and validated two methods by which aging can be measured in young adults, one cross-sectional and one longitudinal. Our longitudinal measure allows quantification of the pace of coordinated physiological deterioration across multiple organ systems (e.g., pulmonary, periodontal, cardiovascular, renal, hepatic, and immune function). We applied these methods to assess biological aging in young humans who had not yet developed age-related diseases. Young individuals of the same chronological age varied in their "biological aging" (declining integrity of multiple organ systems). Already, before midlife, individuals who were aging more rapidly were less physically able, showed cognitive decline and brain aging, selfreported worse health, and looked older. Measured biological aging in young adults can be used to identify causes of aging and evaluate rejuvenation therapies.
biological aging | cognitive aging | aging | healthspan | geroscience B y 2050, the world population aged 80 y and above will more than triple, approaching 400 million individuals (1, 2) . As the population ages, the global burden of disease and disability is rising (3) . From the fifth decade of life, advancing age is associated with an exponential increase in burden from many different chronic conditions (Fig. 1) . The most effective means to reduce disease burden and control costs is to delay this progression by extending healthspan, years of life lived free of disease and disability (4) . A key to extending healthspan is addressing the problem of aging itself (5) (6) (7) (8) .
At present, much research on aging is being carried out with animals and older humans. Paradoxically, these seemingly sensible strategies pose translational difficulties. The difficulty with studying aging in old humans is that many of them already have age-related diseases (9) (10) (11) . Age-related changes to physiology accumulate from early life, affecting organ systems years before disease diagnosis (12) (13) (14) (15) . Thus, intervention to reverse or delay the march toward age-related diseases must be scheduled while people are still young (16) . Early interventions to slow aging can be tested in model organisms (17, 18) . The difficulty with these nonhuman models is that they do not typically capture the complex multifactorial risks and exposures that shape human aging. Moreover, whereas animals' brief lives make it feasible to study animal aging in the laboratory, humans' lives span many years. A solution is to study human aging in the first half of the life course, when individuals are starting to diverge in their aging trajectories, before most diseases (and regimens to manage them) become established. The main obstacle to studying aging before old age-and before the onset of age-related diseasesis the absence of methods to quantify the Pace of Aging in young humans.
We studied aging in a population-representative 1972-1973 birth cohort of 1,037 young adults followed from birth to age 38 y with 95% retention: the Dunedin Study (SI Appendix). When they were 38 y old, we examined their physiologies to test whether this young population would show evidence of individual variation in aging despite remaining free of age-related disease. We next tested the hypothesis that cohort members with "older" physiologies at age 38 had actually been aging faster than their same chronologically aged peers who retained "younger" physiologies; specifically, we tested whether indicators of the integrity of their cardiovascular, metabolic, and immune systems, their kidneys, livers, gums, and lungs, and their DNA had deteriorated more rapidly according to measurements taken repeatedly since a baseline 12 y earlier at age 26. We further tested whether, by midlife, young adults who were aging more rapidly already exhibited deficits in their physical functioning, showed signs of early cognitive decline, and looked older to independent observers.
Results
Are Young Adults Aging at Different Rates? Measuring the aging process is controversial. Candidate biomarkers of aging are numerous,
Significance
The global population is aging, driving up age-related disease morbidity. Antiaging interventions are needed to reduce the burden of disease and protect population productivity. Young people are the most attractive targets for therapies to extend healthspan (because it is still possible to prevent disease in the young). However, there is skepticism about whether aging processes can be detected in young adults who do not yet have chronic diseases. Our findings indicate that aging processes can be quantified in people still young enough for prevention of age-related disease, opening a new door for antiaging therapies. The science of healthspan extension may be focused on the wrong end of the lifespan; rather than only studying old humans, geroscience should also study the young.
but findings are mixed (19) (20) (21) (22) . Multibiomarker algorithms have been suggested as a more reliable alternative to single-marker aging indicators (23) (24) (25) . A promising algorithm is the 10-biomarker US National Health and Nutrition Survey (NHANES)-based measure of "Biological Age." In more than 9,000 NHANES participants aged 30-75 y at baseline, Biological Age outperformed chronological age in predicting mortality over a two-decade follow-up (26) . Because NHANES participants were all surveyed at one time point, age differences in biomarker levels were not independent of cohort effects; measured aging also included secular trends in environmental and behavioral influences on biomarkers. Similarly, most deaths observed during follow-up occurred to the oldest NHANES participants, leaving the algorithm's utility for quantification of aging in younger persons uncertain. We therefore applied this algorithm to calculate the Biological Age of Dunedin Study members, who all shared the same birth year and birthplace, and were all chronologically 38 y old at the last assessment (SI Appendix). Even though the Dunedin cohort remained largely free of chronic disease, Biological Age took on a normal distribution, ranging from 28 y to 61 y (M = 38 y, SD = 3.23; Fig. 2 ). This distribution was consistent with the hypothesis that some 38-y-old cohort members were biologically older than others.
Biological Age is assumed to reflect ongoing longitudinal change within a person. However, it is a cross-sectional measure taken at a single point in time. Therefore, we next tested the hypothesis that young adults with older Biological Age at age 38 y were actually aging faster. To quantify the pace at which an individual is aging, longitudinal repeated measures are needed that track change over time. The Dunedin Study contains longitudinal data on 18 biomarkers established as risk factors or correlates of chronic disease and mortality. Our selection of 18 biomarkers was constrained by measures available 15 y ago at time one, that can be assayed with high throughput, and that are scalable to epidemiologic studies. Still, these biomarkers track the physiological integrity of study members' cardiovascular, metabolic, and immune systems, their kidneys, livers, and lungs, their dental health, and their DNA (SI Appendix). We analyzed within-individual longitudinal change in these 18 biomarkers across chronological ages 26 y, 32 y, and 38 y to quantify each study member's personal rate of physiological deterioration, their "Pace of Aging."
The Pace of Aging was calculated from longitudinal analysis of the 18 biomarkers in three steps (SI Appendix). First, all biomarkers were standardized to have the same scale (mean = 0, SD = 1 based on their distributions when study members were 26 y old) and coded so that higher values corresponded to older levels (i.e., scores were reversed for cardiorespiratory fitness, lung function, leukocyte telomere length, creatinine clearance, and high density lipoprotein cholesterol, for which values are expected to decline with increasing chronological age). Even in our cohort of young adults, biomarkers showed a pattern of age-dependent decline in the functioning of multiple organ system over the 12-y follow-up period (Fig. 3) . Second, we used mixed-effects growth models to calculate each study member's personal slope for each of the 18 biomarkers; 954 individuals with repeated measures of biomarkers contributed data to this analysis. Of the 51,516 potential observations (n = 954 study members × 18 biomarkers × 3 time points), 44,475 (86.3%) were present in the database and used to estimate longitudinal growth curves modeling the Pace of Aging. The models took the form B it = γ 0 + γ 1 Age it + μ 0i + μ 1i Age it + e it , where B it is a biomarker measured for individual i at time t, γ 0 and γ 1 are the fixed intercept and slope estimated for the cohort, and μ 0i and μ 1i are the random intercepts and slopes estimated for each individual i. Finally, we calculated each study member's Pace of Aging as the sum of these 18 slopes: Pace of Aging i = P 18 B=1 μ 1iB . We calculated Pace of Aging from slopes because our goal was to quantify change over time. We summed slopes across biomarkers because our goal was to quantify change across organ systems. An additive model reduces the influence of temporary change isolated to any specific organ system, e.g., as might arise from a transient infection. The resulting Pace of Aging measure was normally Fig. 1 . Burden of chronic disease rises exponentially with age. To examine the association between age and disease burden, we accessed data from the Institute for Health Metrics and Evaluation Global Burden of Disease database (www.healthdata.org/gbd) (43) . Data graph (A) disability-adjusted life years (DALYs) and (B) deaths per 100,000 population by age. Bars, from bottom to top, reflect the burden of cardiovascular disease (navy), type-2 diabetes (light blue), stroke (lavender), chronic respiratory disease (red), and neurological disorders (purple). distributed in the cohort, consistent with the hypothesis that some cohort members were aging faster than others.
The Pace of Aging can be scaled to reflect physiological change relative to the passage of time. Because the intact birth cohort represents variation in the population, it provides its own norms. We scaled the Pace of Aging so that the central tendency in the cohort indicates 1 y of physiological change for every one chronological year. On this scale, cohort members ranged in their Pace of Aging from near 0 y of physiological change per chronological year to nearly 3 y of physiological change per chronological year.
Study members with advanced Biological Age had experienced a more rapid Pace of Aging over the past 12 y compared with their biologically younger age peers (r = 0.38, P < 0.001; Fig. 4 ). Each year increase in Biological Age was associated with a 0.05-y increase in the Pace of Aging relative to the population norm. Thus, a 38-y-old with a Biological Age of 40 y was estimated to have aged 1.2 y faster over the course of the 12-y follow-up period compared with a peer whose chronological age and Biological Age were 38. This estimate suggests that a substantial component of individual differences in Biological Age at midlife emerges during adulthood.
We next tested whether individual variation in Biological Age and the Pace of Aging related to differences in the functioning of study members' bodies and brains, measured with instruments commonly used in clinical settings (SI Appendix).
Does Accelerated Aging in Young Adults Influence Indicators of
Physical Function? In gerontology, diminished physical capability is an important indication of aging-related health decline that cuts across disease categories (27, 28) . Study members with advanced Biological Age performed less well on objective tests of physical functioning at age 38 than biologically younger peers (Fig. 5) . They had more difficulty with balance and motor tests (for unipedal stance test of balance, r = −0.22, P < 0.001; for grooved pegboard test of fine motor coordination, r = −0.13, P < 0.001), and they were not as strong (grip strength test, r = −0.19, P < 0.001). Study members' Biological Ages were also related to their subjective experiences of physical limitation. Biologically older study members reported having more difficulties with physical functioning than did biologically younger age peers (SF-36 physical functioning scale, r = 0.13, P < 0.012). We repeated these analyses using the Pace of Aging measure. Consistent with findings for Biological Age, study members with a more rapid Pace of Aging exhibited diminished capacity on the four measures of physical functioning relative to more slowly aging age peers.
Does Accelerated Aging in Young Adults Influence Indicators of Brain
Aging? In neurology, cognitive testing is used to evaluate agerelated decline in brain integrity. The Dunedin Study conducted cognitive testing when study members were children and repeated this testing at the age-38 assessment (29) . Study members with older Biological Ages had poorer cognitive functioning at midlife (r = −0.17, P < 0.001). Moreover, this difference in cognitive functioning reflected actual cognitive decline over the years. When we compared age-38 IQ test scores to baseline test scores from childhood, study members with older Biological Age showed a decline in cognitive performance net of their baseline level (r = −0.09, P = 0.010). Results were similar for the Pace of Aging (Fig. 6) . The literature on cognitive aging divides the composite IQ into "crystallized versus fluid" constituents (30, 31) . Crystallized abilities (such as the Information subtest) peak in the fifties and show little age-related decline thereafter. In contrast, fluid abilities (such as the digit symbol coding subtest) peak in the twenties and show clear decline thereafter (31) . The overall IQ aggregates these age trends. This aggregation makes it a highly reliable measure, albeit a conservative choice as a correlate of Fig. 3 . Healthy adults exhibit biological aging of multiple organ systems over 12 y of follow-up. Biomarker values were standardized to have mean = 0 and SD = 1 across the 12 y of follow-up (Z scores). Z scores were coded so that higher values corresponded to older levels of the biomarkers; i.e., Z scores for cardiorespiratory fitness, lung function (FEV 1 and FEV 1 /FVC), leukocyte telomere length, creatinine clearance, and HDL cholesterol, which decline with age, were reverse coded so that higher Z scores correspond to lower levels. Biological Age and Pace of Aging. Therefore, we also report results for individual subtests in SI Appendix. As expected, the largest declines in cognitive functioning, and the largest correlations between decline and Pace of Aging, were observed for tests of fluid intelligence, in particular the digit symbol coding test (r = −0.15, P < 0.001).
Neurologists have also begun to use high-resolution 2D photographs of the retina to evaluate age-related loss of integrity of blood vessels within the brain. Retinal and cerebral small vessels share embryological origin and physiological features, making retinal vasculature a noninvasive indicator of the state of the brain's microvasculature (32) . Retinal microvascular abnormalities are associated with age-related brain pathology, including stroke and dementia (33) (34) (35) . Two measurements of interest are the relative diameters of retinal arterioles and venules. Narrower arterioles are associated with stroke risk (36) . Wider venules are associated with hypoxia and dementia risk (37, 38) . We calculated the average caliber of study members' retinal arterioles and venules from images taken at the age-38 assessment. Consistent with the cognitive testing findings, study members with advanced Biological Age had older retinal vessels (narrower arterioles, r = −0.20, P < 0.001; wider venules, r = 0.17, P < 0.001). Results were similar for the Pace of Aging measure (Fig. 6 ).
Do Young Adults Who Are Aging Faster Feel and Look Older? Beyond clinical indicators, a person's experience of aging is structured by their own perceptions about their well-being and by the perceptions of others. Consistent with tests of aging indicators, study members with older Biological Age perceived themselves to be in poorer health compared with biologically younger peers (r = −0.22, P < 0.001). In parallel, these biologically older study members were perceived to be older by independent observers. We took a frontal photograph of each study member's face at age 38, and showed these to a panel of Duke University undergraduates who were kept blind to all other information about the study members, including their age. Based on the facial images alone, student raters scored study members with advanced Biological Age as looking older than their biologically younger peers (r = 0.21, P < 0.001). Results for self-perceived well-being and facial age were similar when analyses were conducted using the Pace of Aging measure (Fig. 7) .
Discussion
Aging is now understood as a gradual and progressive deterioration of integrity across multiple organ systems (7, 39) . Here we show that this process can be quantified already in young adults. We followed a birth cohort of young adults over 12 y, from ages 26-38, and observed systematic change in 18 biomarkers of risk for age-related chronic diseases that was consistent with age-dependent decline. We were able to measure these changes even though the typical age of onset for the related diseases was still one to two decades in the future and just 1.1% of the cohort members had been diagnosed with an age-related chronic disease.
Measuring aging remains controversial. We measured aging in two ways. First, we used a biomarker scoring algorithm previously calibrated on a large, mixed-age sample. We applied this algorithm to cross-sectional biomarker data collected when our study members were all chronologically aged 38 y to calculate their Biological Age. Second, we conducted longitudinal analysis of 18 biomarkers in our population-representative birth cohort when they were aged 26 y, 32 y, and 38 y. We used this longitudinal panel dataset to model how each individual changed over the 12-y period to calculate their personal Pace of Aging.
Pace of Aging and Biological Age represent two different approaches to quantifying aging. Pace of Aging captures real-time longitudinal change in human physiology across multiple systems and is suitable for use in studies of within-individual change. For this analysis, we examined all 18 biomarkers with available longitudinal data in the Dunedin Study biobank. The other approach, Biological Age, provides a point-in-time snapshot of physiological integrity in cross-sectional samples. For this analysis, we used the published 10-biomarker set developed from the NHANES. These two approaches yielded consistent results. Study members with older Biological Age had evidenced faster Pace of Aging over the preceding 12 y. Based on Pace of Aging analysis, we estimate that roughly 1/2 of the difference in Biological Age observed at chronological age 38 had accumulated over the past 12 y. Our analysis shows that Biological Age can provide a summary of accumulated aging in cases where only cross-sectional data are available. For purposes of measuring the effects of risk exposures and antiaging treatments on the aging process, Paceof-Aging-type longitudinal measures provide a means to test within individual change.
Biological measures of study members' aging were mirrored in their functional status, brain health, self-awareness of their own physical well-being, and their facial appearance. Study members who had older Biological Age and who experienced a faster Pace of Aging scored lower on tests of balance, strength, and motor coordination, and reported more physical limitations. Study members who had an older Biological Age and who experienced a faster Pace of Aging also scored lower on IQ tests when they were aged 38 y, showed actual decline in full-scale IQ score from childhood to age-38 follow-up, and exhibited signs of elevated risk for stroke and for dementia measured from images of microvessels in their eyes. Further, study members who had an older Biological Age and who experienced a faster Pace of Aging reported feeling in worse health. Undergraduate student raters who did not know the study members beyond a facial photograph were able to perceive differences in the aging of their faces.
Together, these findings constitute proof of principle for the measures of Biological Age and Pace of Aging studied here to serve as technology to measure aging in young people. Further research is needed to refine and elaborate this technology. Here we identify several future directions that can build on our initial proof-of-principle for measuring accelerated aging up to midlife. First, our analysis was limited to a single cohort, and one that lacked ethnic minority populations. Replication in other cohorts is needed, in particular in samples including sufficient numbers of ethnic minority individuals to test the "weathering hypothesis" that the stresses of ethnic minority status accelerate aging (40, 41) . Larger samples can also help with closer study of relatively rare aging trajectories. Three Dunedin Study members had Pace of Aging less than zero, appearing to grow physiologically younger during their thirties. In larger cohorts, study of such individuals may reveal molecular and behavioral pathways to rejuvenation.
Second, data were right censored (follow-up extended only to age 38); aging trajectories may change at older ages. Some cohort members experienced negligible aging per year, a pace that cannot be sustained throughout their lives. Future waves of data collection in the Dunedin cohort will allow us to model these nonlinear patterns of change. A further issue with right censoring is that we lack follow-up data on disability and mortality with which to evaluate the precision of the Pace of Aging measure. Continued follow-up of the Dunedin cohort and analysis of other cohorts with longer-range follow-up can be used to conduct, e.g., receiver operating characteristic curve and related analyses (42) to evaluate how well Pace of Aging forecasts healthspan and lifespan.
Third, data were left censored (biomarker follow-up began at age 26); when and how aging trajectories began to diverge was not observed. Studies tracking Pace of Aging earlier in adulthood and studies of children are needed.
Fourth, measurements were taken only once every 6 y. Contiguous annual measurements would provide better resolution to measure aging, but neither our funders nor our research participants favored this approach. Medical record datasets comprising primary care health screenings may provide annual follow-up intervals (although patients seeking annual physicals will not fully represent population aging).
Fifth, Pace of Aging analyses applied a unit weighting scheme to all biomarkers. We weighted all biomarkers equally to transparently avoid assumptions, and to avoid sample-specific findings. Nonetheless, aging is likely to affect different bodily systems to differing degrees at different points in the lifespan. Further study is needed to refine weightings of biomarker contributions to Pace of Aging measurement. For example, longitudinal data tracking biomarkers could be linked with follow-up records of disability and mortality to estimate weights for biomarker change.
Sixth, biomarkers used to measure aging in our study were restricted to those scalable to a cohort based on technology available during the measurement period (1998-2012). They necessarily provide an incomplete picture of age-related changes to physiology. Similarly, it is possible that not every biomarker in our set of 18 is essential to measure aging processes. We used all of the biomarkers that were repeatedly measured in the Dunedin Study, some of which may become more (or less) important for modeling Pace of Aging as our cohort grows older. Our leave-oneout analysis showed that associations between Pace of Aging and measures of physical and cognitive functioning and subjective aging did not depend on any one biomarker. A next step is addone-in-type analysis to test the relative performance of biomarker subsets with the aim of identifying a "short form" of the Pace of Aging. This analysis will require multiple datasets so that an optimal short-form Pace of Aging identified in a training dataset can be evaluated in an independent test dataset.
Seventh, methods are not available to estimate confidence intervals for a person's Pace of Aging score. Datasets with repeated measures of multiple biomarkers are becoming available.
Our findings suggest that future studies of aging incorporate longitudinal repeated measures of biomarkers to track change. They also suggest that these studies of aging incorporate multiple biomarkers to track change across different organ systems. Such studies will require new statistical methods to calculate confidence intervals around Pace of Aging-type scores.
Within the bounds of these limitations, the implication of the present study is that it is possible to quantify individual differences in aging in young humans. This development breaks through two blockades separating model organism research from human translational studies. One blockade is that animals age quickly enough that whole lifespans can be observed whereas, in humans, lifespan studies outlast the researchers. A second blockade is that humans are subject to a range of complex social and genomic exposures impossible to completely simulate in animal experiments. If aging can be measured in free-living humans early in their lifespans, there are new scientific opportunities. These include testing the fetal programming of accelerated aging (e.g., does intrauterine growth restriction predispose to faster aging in young adulthood?); testing the effects of early-life adversity (e.g., does child maltreatment accelerate aging in the decades before chronic diseases develop?); testing social gradients in health (e.g., do children born into poor households age more rapidly than their age-peers born into rich ones and can such accelerated aging be slowed by childhood interventions?); and searching for genetic regulators of aging processes (e.g., interrogating biological aging using high throughput genomics). There are also potential clinical applications. Early identification of accelerated aging before chronic disease becomes established may offer opportunities for prevention. Above all, measures of aging in young humans allow for testing the effectiveness of antiaging therapies (e.g., caloric restriction) without waiting for participants to complete their lifespans.
Materials and Methods
A more detailed description of study measures, design, and analysis is provided in SI Appendix. Measuring Biological Age. We calculated each Dunedin Study member's Biological Age at age 38 y using the Klemera-Doubal equation (23) Measuring Diminished Physical Capacity. We measured physical capacity as balance, strength, motor coordination, and freedom from physical limitations when study members were aged 38 y.
Measuring Cognitive Aging. We measured cognitive aging using neuropsychological tests in childhood and at age 38 y and images of retinal microvessels.
Measuring Subjective Perceptions of Aging. We measured subjective perceptions of aging using study members' self reports and evaluations of facial photographs of the study members made by independent raters. The fruit fly Drosophila melanogaster has a three-level olfactory information processing system. The first level assembles information from other brain areas into a pattern of spikes and silences known as a combinatorial code. The second level breaks this code and passes the information onto the third level, where the odor label can be used to direct behavior. Charles Stevens (pp. 9460-9465) used the fruit fly olfactory system, which is a simple and well-studied model of olfaction, to unravel the mechanisms of odor coding and decoding. The author found that when the first information processing level sends information to the second level, only a small fraction of the roughly 2,000 second-layer neurons receive a large input. However, each odor activates a different population of large-input neurons, and only spikes from the small population of large-input neurons are relayed to the final level, while other neurons are inhibited. Information from the small population of neurons thus allows the third level to label an odor and direct appropriate behavior. Further research is needed to extend the conclusions reached about the fruit fly olfactory system to other three-layer systems, including the vertebrate cerebellum, hippocampus, and olfactory systems, according to the author. -L.G.
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Mapping cytomegalovirus diversity in human hosts
Human cytomegalovirus (HCMV), part of the herpesvirus family, is a leading cause of transplantation failure and infection-related birth defects. The viral genome exhibits high genetic diversity within and between hosts, complicating vaccine development and promoting drug resistance. Nicholas Renzette et al. (pp. E4120-E4128) performed a large-scale genetic analysis of viral isolates from 17 congenitally infected infants to explore the patterns and limits of genomic diversity in this virus. The authors attempted to identify hot and cold spots of genetic variability in saliva, urine, and plasma samples. The findings reveal that viral diversity is unevenly distributed in the human body and across the viral genome. Viral populations isolated from plasma are genetically similar and enriched in glycoprotein and regulatory protein polymorphisms, even in hosts from different continents. Approximately one-quarter of the viral genome lacked polymorphisms, suggesting that the organism's genomic diversity may have an upper limit. Further analyses revealed that viral diversity within an individual host is similar for mixed-and single-strain infections, and that viral populations isolated from hosts in different continents were genetically similar. According to the authors, the findings uncover a high level of genomic diversity in HCMV populations, and may inform the development of effective therapeutics. -A.G.
Carbon recycling into deep mantle at subduction zones
At subduction zones, one tectonic plate slides beneath the edge of an adjacent plate. Subduction recycles Earth's uppermost rocky layer, or lithosphere, as the material sinks into the deep mantle, warms, and disaggregates. Seeking to determine the quantity of carbon that subduction returns to Earth's deep interior, Peter Kelemen and Craig Manning (pp. E3997-E4006) reevaluated key carbon reservoirs and transport mechanisms associated with the process. In contrast to previous studies, which found that about half the subducting carbon returns to the deep mantle, the authors determined that little recycling of carbon may occur. Instead, most subducting carbon is returned to the lithosphere, the atmosphere, and the oceans within 5-10 million years. Furthermore, the authors report, if the subduction zone carbon cycle is approximately balanced, outgassing from midocean ridges and within-plate volcanism Fruit fly.
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Map summarizing HCMV genetic diversity.
represents a net flux from the deep mantle to Earth's surface, and the carbon content of the lithosphere has increased over Earth's history. According to the authors, the high degree of uncertainty in the estimates suggest that the latter possibility is broadly consistent with data on the carbon content of the continents, noble gas tracer studies, and recycled carbon in mantle diamonds. -T.J.
Measuring aging in young adults
The burden of age-related disease and disability rises as the global population ages, prompting a need for antiaging interventions. Such interventions should be implemented before disease and disability develop, but there are currently no reliable methods to measure the progress of aging in young adults. high preference for blue hues and low preference for yellow-green hues, in agreement with previous research. In contrast, dichromats showed high preference for yellow hues and low preference for cyan and red hues. Trichromats distinguish color through two mechanisms: the difference between L and M cone responses (red-green), and the difference between S and L+M cone responses (yellow-blue). The authors calculated the cone responses for each color relative to its background and found that color preference in trichromats correlated strongly with the yellow-blue mechanism. In dichromats, preference correlated with the absolute value of the yellow-blue mechanism. The authors also determined how quickly, accurately, and consistently individuals could name each color, and found that both male dichromats and male trichromats typically preferred colors that could be rapidly and accurately named. The results provide insight into how dichromats experience color and why some colors are preferred over others, with implications for general theories of aesthetics, according to the authors. -B.D.
Colorful flowers as seen in trichromat vision (Left) and in dichromat simulation (Right).
Pace of aging was measured by tracking changes in 18 biomarkers.
